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system. The governing equations are the continuity equation and NaviereStokes equations. The boundary of a moving body is defined by the
interaction points of the body surface and the centerline of a grid. To simulate the free surface the Modified Marker-Density method is
implemented. Ships advancing in regular waves, the interaction of waves by a fixed circular cylinder array and the response amplitude operators
of an offshore platform are simulated and the results are compared with published research data to check the applicability. The numerical method
developed in this research gives results good enough for application to the initial design stage.
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The motions of a ship and an offshore platform are very
important design considerations. The motion is usually
analyzed or estimated by the strip method or the green func-
tion method based on the potential flow theory. The effects of
the viscosity on the motion are small enough to ignore.
Therefore, the strip method and the green function method
give satisfactory results if the nonlinearity of the free surface
is not large. Because those methods struggle to impose a
nonlinear boundary condition on the free surface, they do not
give meaningful results if the nonlinearity of the free surface
are not small enough to be ignored. The representative prob-
lems including the nonlinear free surface and floating body are* Corresponding author. Tel.: þ82 32 860 7335; fax: þ82 32 864 5850.
E-mail address: younglee@inha.ac.kr (Y.-G. Lee).
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2092-6782/Copyright © 2016 Society of Naval Architects of Korea. Production and
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).the added resistance on a ship in short waves and the wave
load on an offshore platform in large amplitude waves.
Computational fluid dynamics has recently been studied to
simulate floating bodies and nonlinear free surfaces. However,
simulating such phenomena remains a very difficult problem
due to the grid technique for a moving body and the free
surface modeling for breaking waves.
The difference of physical properties between water and air
give a spatial discontinuity in the computational domain, so
that the solutions become very unstable if the free surface
boundary conditions are strictly imposed. The free surface
modeling technique is classified into two groups: the free
surface tracking method and the free surface capturing method
(Ferziger and Peric, 2002). The former regenerates the mesh
following the free surface every time step, which results in
long calculation time and a complex algorithm. Those method
has rarely been applied to naval architecture and ocean engi-
neering fields. The free surface capturing method defines the
position of the free surface in a fixed grid, so that the calcu-
lation is relatively fast. The first free surface capturing methodhosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Fig. 1. Rectilinear staggered variable grid system.
Fig. 4. Schematic diagram for body definition points and pressure definition
points on a body surface.
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method. Some researchers classify the MAC method as a
tracking method. The MAC method defines the height of the
free surface in a rectilinear grid system with massless and
volumeless particles moving in a Lagrangian manner, which
induces difficulties in simulating the overturning waves. In the
MAC method, only the water region is calculated; therefore,
the velocity of a particle is extrapolated by the water region
and the pressure on the free surface is set to zero. The most
popular method for the free surface definition is the Volume of
Fluid (VOF, Hirt and Nichols, 1981). In this method, the free
surface is defined by volume fraction function. The physical
properties such as density and viscosity are defined with a
volume fraction function to remove the spatial discontinuity
between water and air. The artificial transient zone, where the
physical properties continuously vary in space, make solutions
stable. However, the thickness of the artificial transient zone isFig. 2. Schematic diagram of the velocity definition poin
Fig. 3. Example of a hull surface exa source of errors and many studies have therefore concen-
trated on preventing smearing of the fraction function to
maintain the artificial transient zone thin. The smearing of
fraction function due to numerical diffusion is inevitable in an
Eulerian manner because the fraction function is a convection
equation. To minimize the smearing, interpolation schemes
such as SLIC (Noh and Woodward, 1982), PLIC (Youngs,
1982) and WLIC (Yokoi, 2007) were developed. Another
popular method to define the free surface is the Level-set (LS,
Osher and Sethian, 1988) method. The LS method is similar to
the VOF method but the physical properties are defined by the
LS function representing the distance from the free surface.
The LS function is also a convection equation, so that thets for calculating the convection and diffusion terms.
pressed by triangular elements.
Fig. 5. Classification of the centerline of a grid face cut by body boundary.
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smeared LS function cannot accurately represent the distance
from the free surface and the LS function is therefore reini-
tialized every several time steps. The reinitialization changes
the volume ratio between water and air. Many studies have
concentrated on the reinitialization scheme to maintain the
volume ratio (Basting and Kuzmin, 2013). The Marker-
Density (MD, Park et al., 1999) method does not implement
a transient zone. In the MD method, the physical properties of
water or air are used to calculate the governing equation
around the free surface. For the stability of the solutions, the
velocity of air near the free surface is extrapolated from the
velocity of water and the pressure on the free surface is
extrapolated from the air region. Those extrapolations are a
source of error. Lee et al. (2012) modified the MD method to
calculate the velocity of air near the free surface withFig. 6. Velocity distribution in the turbulent boundary laygoverning equations by imposing the continuous pressure
gradient condition on the free surface. This Modified MD
(MMD) method is used in the present study. The MMD
method is described in greater detail below.
The grid technique for a moving body is very important to
simulate a freely floating body. The grid systems are classified
into two large groups: a body-fitted grid system and a Carte-
sian or rectilinear grid system. The representative methods for
a moving body are re-meshing and overlapping methods in a
body-fitted grid. In these methods, interpolation is essential for
the exchange of flow information between the grid systems.
The body-fitted grid has advantages in accuracy near the body
but the interpolation increases the calculation time and causes
numerical diffusion. Many studies interested in turbulent flow
around moving bodies have simulated the turbulent flow using
the body-fitted grid with the re-meshing or overlapped grider around a flat plate (Roberson and Crowe, 1997).
Fig. 7. Velocity distribution with course grid around a wall in the no-slip
condition.
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analyze the resistance and wake distribution of a ship
advancing in regular waves. Sadat-Hosseini et al. (2013) used
an overlapped grid to analyze the wake distribution and theFig. 8. Flow chart for calculating the limiting virtual veloresistance of a ship in regular waves. In the rectilinear grid
system, the accuracy near the body boundary is relatively
lower than that of the body-fitted grid system. The rectilinear
grid has some advantages in fast calculation and easy grid
generation. In the case of moving bodies, interpolation is not
necessary and hence the numerical diffusion due to interpo-
lation does not occur. The rectilinear grid system is effective to
simulate the flow, if the effects of turbulence are small and the
effects of pressure and the free surface are dominant. A special
technique to define the body boundary is essential in a recti-
linear grid system because the grid line and body surface are
not colocated. The body boundary in a rectilinear grid system
can be defined into two large groups: the Continuous Forcing
(CF) method using the volume or distance function and the
Discrete Forcing (DF) method using the interaction points
between body surface and grid line. The DF method has the
advantage of accuracy due to the sharp definition of the body
boundary but the algorithm is more complex. The problem incity on a body boundary in the partial slip condition.
Fig. 9. Schematic diagram for flux calculation through the cut grid line in a 2-
dimensional fixed body.
Fig. 11. Schematic diagram for flux calculation through a cut grid face in 3-
dimensions.
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oscillation which is occurred when the body boundary passes
the velocity or pressure definition points (Mittal and Iaccarino,
2005; Seo et al., 2013). Lee et al. (2011) showed that the
spatial discontinuity of pressure and temporal discontinuity of
velocity are the sources of the spurious pressure oscillations.
Lee et al. (2011), however, did not present any method to
reduce the spurious pressure oscillation. Seo and Mittal (2011)
presented a method to reduce the spurious pressure oscillation
by improving the mass conservation of body boundary cells. A
zero pressure gradient condition is usually imposed to calcu-
late the pressure of body boundary cells. The condition is not
proper to the body boundary cell including the free surface
because of the discontinuity of density between water and air.
Lin (2006) presented the Partial Cell Treatment (PCT)
method, a kind of the CF method, for two-dimensional moving
bodies near the free surface in a rectilinear grid system. Hu
and Kashiwagi (2009) simulated green water on a two-
dimensional floating body with the PCT method and the
constrained interpolation profile method, a kind of VOF
method, and the results were compared with experimental
data. Kashiwagi et al. (2012) expanded the numerical method
of Hu and Kashiwagi (2009) to three-dimension and simulated
an advancing Wigley hull in regular waves with the method.
The calculation results of Kashiwagi et al. (2012) were slightly
different from the corresponding experimental data.
Kashiwagi et al. (2012) attributed the difference to the nu-
merical diffusion of fractional function for the VOF method.Fig. 10. Schematic diagram for flux calculation through an intact grid face in
3-dimensions.However, Yang et al. (2013a) simulated an advancing Wigley
hull in regular waves with a method similar to that of
Kashiwagi et al. (2012). Yang et al. (2013b) improved the
integration method to improve the accuracy and the results
showed good agreement with the experimental data. The
problem of the CF method is that the position of the body
boundary is not sharply defined; therefore, the pressure on the
body surface is not obvious.
The DF method gives better results because the body
boundary is sharply defined. Lee et al. (2013) presented a
numerical method to simulate a floating body with the DF
method in two-dimension. Lee et al. (2013) imposed the
divergence free condition instead of the zero pressure gradient
condition to calculate the pressure of body boundary cell
including the free surface. To reduce the spurious pressure
oscillation, the divergence of the body boundary cell is
calculated with the weighted average of volume flux by the
distance between the velocity definition point and the body
boundary. In this paper, the numerical method of Lee et al.
(2013) is modified to improve the velocity distribution near
the body boundary. The partial-slip condition is implementedFig. 12. Schematic diagram for calculating the convection and the diffusion
terms of body boundary cells.
Fig. 13. Schematic diagram for the variation of velocity profile while a body boundary passes a velocity.
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method is extended to three-dimension to simulate the flow
around a ship or an offshore platform in regular waves.
A KRISO Container Ship (KCS) and a KRISO Very Large
Crude Oil Carrier 2 (KVLCC2) advancing in regular waves are
numerically simulated with the numerical method developed
in this study. Furthermore, the interaction of diffracted waves
by a fixed circular cylinder array and the motion of a Tension
Leg Platform (TLP) are simulated and the results are
compared with published research data.
2. Governing equations and inflow and outflow boundary
conditions2.1. Finite differentiation of governing equationsThe continuity equation and NaviereStokes equations are
used as governing equations and the Subgrid-Scale (SGS)
turbulence model is used for the effects of turbulent flow
smaller than grid size. The grid system used is a rectilinear
staggered variable grid system, as shown in Fig. 1. The defi-
nition points for vector values are at the center of the grid face
and the definition points for scalar values are at the center of
the grid. The filtered governing equation in tensor form is
shown in Eqs. (1) and (2).
vui
vxi
¼ 0 ð1Þ
vui
vt
þ vuiuj
vxj
¼1
r
vp
vxi
þ n v
vxj

vui
vxj

þ vrij
vxi
þ fi ð2Þ
In Eqs. (1) and (2), ui means the filtered velocity in i-di-
rection, p and rij mean the filtered pressure and SGS turbu-
lence stress, respectively, fi denotes the body force, which isFig. 14. Schematic diagram for the flux calculation of a body boundary cell for
a moving body.the gravitational acceleration in this study, and t, r and n mean
the time, density and dynamic viscosity, respectively.
Following Smagorinsky (1963), the turbulence stress, eddy
viscosity and turbulence kinematic energy are calculated ac-
cording to Eqs. (3)e(5), respectively.
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The velocity and pressure of the governing equations are
linked with the two-step projection method. The convection
terms of NaviereStokes equations are discretized with the
Adams-Bashforth scheme and the other terms are discretized
with a first-order forward scheme in time. The discretized
NaviereStokes equations are shown in Eq. (6). The super-
script n þ 1 in Eq. (6) denotes the next time step, and the
variables without superscript mean the current time step. By
moving all the terms in the left-hand side (LHS) of Eq. (6),
except the velocity, in the next time step, Eq. (7) is induced.
The right-hand side (RHS) of Eq. (7), except the pressure
gradient term, is defined as u*i , and the tentative velocity as
shown in Eq. (8). Eq. (7) becomes Eq. (9) by substitution into
Eq. (8).
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Fig. 15. Schematic diagram for the diffusion term of a free-surface cell and the
equilibrium of tangential stress on a free surface.
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Kuwahara (1984)’s scheme in space, as shown in Eq. (10).
In variable mesh, uxi2Dxi, uxiDxi and uxiþ2Dxi in Eq. (10) are
interpolated with quadratic polynomials due to the difference
of definition points, as shown in Fig. 2. The large difference in
the grid size between the neighboring grids is a source of
error; therefore, the difference ratio is restricted to less than
5% in this study. The diffusion terms are discretized with the
second-order centered difference scheme.
u
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vx
zuxi$
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Taking the divergence Eq. (9) yields Eq. (12). The first term
of the LHS in Eq. (12) is zero according to the continuity
equation. Therefore, Eq. (12) becomes Eq. (13), which is the
Poisson equation for pressure. Eq. (14) is obtained by dis-
cretizing the Poisson equation for pressure with the second-
order centered difference scheme. In this study, Eq. (14) is
calculated by the Successive Over Relaxation method because
it is much more stable than other methods such as Alternative
Directional Iteration or Bi-Conjugate Gradient Stabilized
methods around the free surface and body boundary.vunþ1i
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In Eq. (14), Dxpi , Dypj and Dzpk denote the distance from
the neighboring i, j, k th pressure definition point to the next
one in the x, y and z-directions, respectively. Dxi, Dyj and Dzk
stand for grid size.2.2. Inflow and outflow boundary conditions
2.2.1. Regular wave generation
The velocity distribution from the Stokes 2nd wave theory
shown in Eq. (15) is imposed on the water region of the inflow
boundary to generate regular waves (Journee and Massie,
2001). In the air region of inflow, the Neumann condition is
imposed for velocity. The pressure and water level on the
water and air region of the inflow boundary are also deter-
mined by the Neumann condition.
uwave ¼ pH
T
coshðksÞ
sinhðkdÞ cosðkxutÞ
þ3
4
pH
T

pH
L

coshð2ksÞ
sinh4ðkdÞ cosð2ðkxutÞÞ
wwave ¼ pH
T
sinhðksÞ
sinhðkdÞ sinðkxutÞ
þ3
4
pH
T

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L

sinhð2ksÞ
sinh4ðkdÞ sinð2ðkxutÞÞ
ð15Þ
where H, T, k, d, u, t and s denote the wave height, period,
wave number, depth, angular frequency, time and distance for
bottom, respectively. In the case of a ship in advancing a wave,
the calculation domain has to advance according to the ship.
The advancing velocity is added to the horizontal velocity of
the wave and the moving distance is added to x in Eq. (15).
Fig. 16. Definition sketch for the pressure and velocity calculations of a free-
surface cell.
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boundaries
In the case of an offshore platform, the calculation cannot
be continued long time because of the waves deflected or
radiated by the offshore platform disturb the inflow boundary
without any treatment. To remove the components of deflected
or radiated waves gradually and maintain the components of
incoming waves, the velocity of the water region near the
inflow boundary is determined by the weighted average of the
velocity calculated by the governing equation and the velocity
of incoming waves according to Eq. (16). The artificial
damping zone is imposed until a distance of 0.5 times the
wavelength from the inflow boundary.
uinflow ¼ 0:999 ucal þ 0:001 uwave
vinflow ¼ 0:999 vcal
winflow ¼ 0:999wcal þ 0:001wwave
ð16Þ
To prevent unintended wave reflection or pressure oscilla-
tion on the outflow boundary, an artificial damping zone isFig. 17. Comparison of velocity profiles by bodimposed near the outflow boundary. As shown in Eq. (17), the
velocities of the y- and z-directions are artificially damped by
1% every time step.
udamped ¼ ucal
vdamped ¼ 0:99 vcal
wdamped ¼ 0:99wcal
ð17Þ
3. Body boundary condition3.1. Definition of body boundaryIn a rectilinear grid system, a technique is necessary to
define the body boundary because the grid line does not
consist with the body surface. In this study, the hull surface is
expressed with triangular elements, as shown in Fig. 3, and the
node points and normal vector are used as input data.
In the present research, the body boundary is defined using
the intersection points between a centerline of the grid face
and the hull surface. In Fig. 4, filled rectangles stand for the
body boundary used for the pressure and velocity calculation.
The grids containing the intersection points are defined as
body boundary cells.
In Fig. 4, empty rectangles denote the pressure definition
points on the body surface. The pressure on the body surface is
defined at the intersection points between the body surface and
the centerlines on a center plan of a grid. The pressure at the
intersection points is not calculatedwith the governing equation.
Therefore, the pressure is linearly extrapolated from the neigh-
boring pressure definition points. In other word, the pressures at
the center of grids are simply calculated with the governing
equations. In Fig. 4, triangles stand for the velocity definition
points and the circle denotes the pressure definition point.
All of the centerlines of grid faces are grouped by the di-
rection and position of the body surface in 10 cases, as shown
in Fig. 5. Vertical solid lines and the horizontal dashed lines
mean the grid lines and centerline of the grid face, respec-
tively. A grid face is defined by the combination of two cen-
terlines and a grid is defined by the combination of six grid
faces. The triangles are velocity definition points in Fig. 5. In
the filled case, the velocities are calculated with governingy boundary conditions around a flat plate.
Fig. 18. Grid system around the leading edge of NACA-0012 (Re ¼ 107).
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imposed in empty cases. Case 0 is out of the body but the
velocity of the body is imposed because the velocity definition
points are in a small gap.
The present method for body boundary definition is an
extension of two dimensional methods of Lee et al. (2013,
2013) will help understanding the present methods for body
boundary definition.3.2. Boundary condition for fixed bodyThe velocity of a fluid particle on a fixed body surface is
equal 0 due to viscosity. The velocity gradient near the body
surface is drastic in high Reynolds condition. Fig. 6 shows the
velocity distribution near a flat plate. The turbulent boundary
layer is divided into three regions. The viscous sublayer
closest to the wall has a linear velocity distribution accordingto Eq. (18). The turbulent layer has a logarithm velocity dis-
tribution according to Eq. (19). Between the viscous sublayer
and the turbulent layer, there is a buffer layer. Eqs. (18) and
(19) are called the wall function.
yþ ¼ uþ ¼ u
u*
in viscous sublayer ð18Þ
uþ ¼ 5:75 log yþ þ 5:56 in viscous sublayer ð19Þ
In Eqs. (18) and (19), u* is the frictional velocity defined as
Eq. (20). In Eq. (20), twall is the frictional stress on the wall, r
the density of fluid, and yþ the nondimensional distance
defined as Eq. (21). In Eq. (21), y is the distance from the wall.
u* ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
twall
r
r
ð20Þ
yþ ¼ u*y
n
ð21Þ
To simulate the viscous sublayer, very fine grids have to be
arranged near the body boundary. Such fine grids cause an
excessively long calculation time. In many studies, therefore, the
first grid is arranged in the turbulent layer and the velocity dis-
tribution below the first grid is assumed to following the wall
function. To use the wall function, the fractional stress has to be
calculatedfirst, byusingEq. (22) and assuming that the sumof the
stresses by eddy viscosity and laminar viscosity is constant near
the wall (Davidson, 2011). The subscript of u and y in Eq. (22)
stands for the position of the velocity definition points in Fig. 7.
twall ¼ ðmtur þ mÞ
u1 u0
y1 y0 ð22Þ
In this study, the partial-slip condition is applied. Because
the distances between the body boundary and velocity definition
points are not regular, two methods are applied by the distance.
If yþ of the first velocity definition point (yþ1 ) is larger than the
critical value (yþc ), the velocity at y
þ ¼ 11.84 by Eq. (23) is
imposed as the limiting velocity on the body surface instead of
the velocity of the body boundary. yþ ¼ 11.84 is the interaction
point of Eqs. (18) and (19). If yþ of the velocity definition
points (yþ1 ) is smaller than the critical value (y
þ
c ), the limiting
velocity on the body surface is calculated by Eq. (24). The term
yþc means the ratio between no-slip and slip conditions. The
larger yþc , the closer to the no-slip conditions. The term y
þ
c is
determined by trial and error because the value depends on the
Reynolds number (Re), grid size and body shape. In the proper
term yþc , the spatially continuous pressure distribution appears.
In this study, 80 is chosen as yþc .
ub ¼ ð5:75 log 11:84þ 5:56Þ$u* if yþ1 > yþc ð23Þ
ub ¼ u*$y
þ
1
yþc
if yþ1  yþc ð24Þ
Fig. 19. Comparison of velocity profiles by body boundary conditions around NACA-0012.
Table 1
Principal dimensions of KCS.
Scale 1/1 1/31.6 1/97
LBP (m) 230.0 7.278 2.371
Breadth (m) 32.2 1.019 0.332
Draft (m) 10.8 0.342 0.111
CB 0.651
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frictional stress on the body surface has to be calculated. In
this research, the grid size is too large to calculate the fric-
tional stress by Eq. (22). Therefore, the iterative method
shown in Fig. 8 is applied.
Even though the limiting velocity on the body boundary is
calculated with the wall function, the velocity distribution near
the body boundary is assumed to follow a quadratic poly-
nomial for the stability and calculation speed in divergence
calculation. The difference between the wall function and a
quadratic polynomial could be a source of error.
The quadratic polynomial is induced with the limiting ve-
locity on the body boundary and two velocities at neighboring
velocity definition points, as shown in Fig. 9. By integrating
the induced polynomial, the 2-D volume flux through the cut
grid face is calculated.
To calculate the 3-D volume flux, the 2-D volume fluxes are
calculated in two directions and the flux through a grid face is
approximately calculated using the two 2-D fluxes. In the case
of the intact grid face shown in Fig. 10, the flux is calculated
using Eqs. (25) and (26). This method is sufficiently accurate
and fast. However, in the case of the cut grid face shown in
Fig. 11, the accuracy is not good enough.
Q1 ¼ q1$l1
Q2 ¼ q2$l2 ð25ÞFig. 20. Hull form of KCS.Qface ¼ Q1$jQ1j þQ2$jQ2jjQ1j þ jQ2j ð26Þ
The flux through a cut grid face is calculated with a
different method. Fig. 11 shows an example. In the case of Q2,
the flux is calculated in the same method for an intact grid
face. However, in case of Q1, the cut grid face is divided into
three regions: one has both grid lines in the body, one has one
grid line in the body and the other out of the body, and the
third has both grid lines out of the body. In the first case, the
flux is zero. In the second and third cases, the fluxes are
calculated according to Eqs. (27) and (28) by assuming that
the flux varies linearly as shown in Eq. (29). Q1 is obtained by
joining the fluxes of the three regions together. Qface is also
calculated according to Eq. (26).
Q12 ¼ 1
2
q11$l4 ð27ÞSpeed 24.0 knots 2.196 m/s 1.254 m/s
Fr 0.260
Displacement (m3) 52030 1.6489 0.0570
Gyradius of pitch (m) 57.5 1.820 0.5928
LCG (%, fwd. þ) 1.47
KG (m) 7.28 0.2303 0.075
Fig. 21. Grid system and computational domain for advancing KCS in still water.
Fig. 23. Comparison of the running attitude of KCS in still water with
experimental data (Van et al., 1997).
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q11 ¼ ðl2l4=l3Þq1 ð29Þ
pmþ1i;j;k ¼ pmi;j;k  r$
u
2Dt

1
Dx2
þ 1
Dy2
þ 1
Dz2
Dmi;j;k ð30Þ
umþ1i;j;k ¼ u*i;j;k Dt
1
r
pmi;j;k  pmi1;j;k
Dxpi1;j;k
in x direction ð31Þ
Combining the fluxes through six grid faces, the divergence
is calculated. The pressure of the body boundary cell is
calculated with divergence, Dmi;j;k in Eq. (30). The velocity of
the body boundary cell is recalculated with the updated
pressure according to Eq. (31). The pressure and velocity
calculation is repeated until the divergence converges on zero.
The superscripts of Eqs. (30) and (31) denote the number of
iterations.
Some special techniques for the convection and diffusion
terms are applied for the stability of the solution. The con-
vection term of a body boundary term is calculated using a
hybrid method of the first-order upwind scheme and the
second-order centered scheme, as shown in Eq. (32) and
Fig. 12. a in Eq. (32) is the upwind factor, which is 0.2 in this
study. uiavg, uRavg and uLavg in Eq. (33) are the average ve-
locities obtained by dividing the volume flux by the area of
grid face. The volume flux used for the average velocity is the
same value as that used for the divergence calculation. TheFig. 22. Comparison of the wave profile along the hull surface of KCS with
experimental data (Park et al., 2003).diffusion term of a body boundary cell is calculated according
to Eq. (34) and Fig. 12. l in Eq. (34) is the distance between
the velocity definition point and the body boundary.
u
vu
vx
z
UURUUL
ðDxiþDxi1Þ=2
UUR ¼

uiavg þ uRavg
2þ auiavg þ uRavg uiavg  uRavg
4
UUL ¼

uLavg þ uiavg
2 þ auLavg þ uiavg uLavg  uiavg
4
ð32Þ
uiavg ¼ Q0

DzkDyj

uLavg ¼ QL

DzkDyj

uRavg ¼ QR

DzkDyj
 ð33Þ
v
vx
vu
vx
z
ubDxi1 þ ui1l uiðlþDxi1Þ
1
2
lDxi1ðlþDxi1Þ ð34ÞFig. 24. Hull form of KVLCC2.
Table 2
Principal dimensions of KVLCC2.
Scale 1/1 1/160
LBP (m) 320 2.00
Breadth (m) 58.0 0.363
Draft (m) 20.8 0.130
CB 0.81
Speed 15.5 knots 0.630
Fr 0.142
Displacement (m3) 3.13Eþ05 7.632e02
Gyradius of pitch (m) 80 0.50
LCB(%, fwdþ) 3.48
KG (m) 18.6 0.116
Fig. 26. Comparison of the wave profile along the hull surface of KVLCC2
with experimental data (Kim et al., 2001).
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to that for a fixed body, except for the quadratic polynomial.
The DF method applied in this study has a problem with the
spurious pressure oscillation in the case of a moving body.
Spurious pressure oscillations occur when the body boundary
passes a velocity definition point. As shown in Fig. 13, the
quadratic polynomial is abruptly varied due to the change of
the velocity definition points used to induce the polynomial.
The abrupt variation of the polynomial causes the discontin-
uous variation of the divergence for the pressure calculation.
It is very difficult to maintain the continuous variation of a
velocity profile while satisfying the body boundary condition
strictly. In this research, to maintain the continuous variation
of the velocity profile, two velocity profiles are induced, as
shown in Fig. 14, if the velocity definition point exists on the
corresponding grid face. One is induced with and one without
the velocity definition points. The volume flux is calculated
with weighted average of two volume fluxes of two velocity
profiles by the distance between the body boundary and the
velocity definition point, as shown in the first term of the RHS
of Eq. (35). The second term of the RHS of Eq. (35) means the
variation of the body volume in a cell, which is calculated with
the velocity of the body (wbody) due to translational and
rotational movements. If the velocity definition point does notFig. 25. Grid system and computational domain for aexist, one velocity profile is used to calculate the volume flux.
The average velocity for convection and diffusion terms in Eq.
(33) is calculated by the same method. The velocity and
pressure are calculated with the same method for a fixed body.
q1 ¼ qw= w3$l2 þ qw=o w3$l1
l
þwbody$l1 ð35Þ4. Modified marker-density (MMD) method
The free surface boundary conditions are expressed in Eqs.
(36)e(38). The free surface kinematic boundary condition, Eq.
(36), means the velocity of a fluid particle is equal to the ve-
locity of a free surface in the direction normal to the free
surface. Eqs. (37) and (38) are the free surface dynamic
boundary conditions. Eqs. (37) and (38) mean the equilibrium
of the tangential and normal stresses on a free surface,
respectively (Ferziger and Peric, 2002).

V
! V!fs

$ n!¼ 0 ð36Þ
ðn$TÞwater$t ¼ ðn$TÞair$t ð37Þ
ðn$TÞwater$nþ sK ¼ðn$TÞair$n ð38Þdvancing KCS in still water and regular waves.
Fig. 27. Comparison of the running attitude of KCS in still water with
experimental data (Van et al., 1997).
Table 3
Incident wave for the added resistance calculation of KCS.
Length (m) Period (s) Height (m)
0.4 L 0.948 0.7794 0.015
(0.63%L)0.6 L 1.423 0.9546
0.8 L 1.897 1.1022
1.0 L 2.371 1.2323
1.2 L 2.845 1.3500
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free surface, and s, T and K stand for the surface tension, stress
tensor and curvature of the free surface, respectively. The
stress tensor is shown in Eq. (39)
Tij ¼pdij þ m

vui
vxj
þ vuj
vxi

ð39Þ4.1. Implementation of the free surface kinematic
boundary conditionTo satisfy Eq. (36), the MD transport equation (Eq. (40)) is
calculated. The initial value is the density of water or air. The
position of the free surface is defined where the MD is equal to
the average density of water and air. The transport equation is
discretized with the Kawamura-Kuwahara scheme in spaceFig. 28. Grid system and calculation domaiand the Adams-Bashforth scheme in time, via the same
method used for the convection term of the NaviereStokes
equations. Using a transport equation is the same method as
the VOF and LS methods.
vMr
vt
þ uvMr
vx
þ vvMr
vy
þwvMr
vz
¼ 0 ð40Þ4.2. Implementation of the free surface dynamic boundary
conditionsAs the viscous stress has to be continuous to satisfy Eq.
(37), a dynamic boundary condition, Eq. (41) is implemented.
Fig. 15 shows a 1-D example around the free surface. The
velocities of water and air cells are uw and ua, respectively. uFS
denotes the velocity of the free surface. Substituting this
condition into Eq. (41) and discretizing Eq. (41) gives Eq.
(42). The velocity of the free surface is expressed as Eq. (43).
The equilibrium of the tangential stress on the free surface is
satisfied by calculating the diffusion terms with the velocity of
the free surface and the distance between the free surface and
the velocity definition point.
ðmw þ mturÞ$

vuw;i
vxj
þ vuw;j
vxi

¼ ðmaþ mturÞ$

vua;i
vxj
þ vua;j
vxi

ð41Þ
ðmw þ mturÞ$

uFS  uw
l1

¼ ðmaþ mturÞ$

ua  uFS
l2

ð42Þ
uFS ¼ l2mwuaþ l1mauw
l2mwþ l1ma
ð43Þ
v2ua
vx2
y
uaaua
l3
 uauFS
l2
l2þl3
2
ð44Þ
To consider the effects of the surface tension properly, very
small grids sized less than 1e2 mm have to be arranged.
However, such small grids result in excessive simulation time,n for advancing KCS in regular waves.
Fig. 29. Time history of the heave and pitch motions of KCS (present cal.).
Fig. 30. Time history of the heave and pitch motions of KCS (present exp.).
290 K.-L. Jeong, Y.-G. Lee / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 277e300and the surface effects of surface tension therefore is ignored.
Eq. (38), the equilibrium of normal stress, is substituted by Eq.
(45). However, the pressure on the free surface is not deter-
mined with only Eq. (45). Additionally, the boundary condi-
tion is required to define the pressure on the free surface. If the
velocity distribution in calculating the domain varies contin-
uously in time and space, the RHS of the NaviereStokes
equation has to vary continuously in time and space. If the free
surface passes a point, the sum of the pressure gradient term
and diffusion term has to vary continuously at the point in
time. Because the absolute value of the diffusion term is
strictly smaller than that of the pressure term, Eq. (46) is
imposed as an additional free surface dynamic boundary
condition by ignoring the diffusion term. In the case of Fig. 16,
Eq. (46) is discretized to become Eq. (47) and thus satisfies
Eq. (45). Consequently, the pressure on the free surface is
determined according to Eq. (48)pw ¼ pa on free surface ð45Þ
1
rw
vpw
vxi
¼ 1
ra
vpa
vxi
on free surface ð46Þ
1
rw

p0 pFS1
l3

¼ 1
ra

pFS1 p2
l1þ l2

ð47Þ
pFS1 ¼ p0$ðl1 þ l2Þ$raþ p2$l3$rwðl1 þ l2Þ$raþ l3$rw
ð48Þ
The pressure and velocity of a free surface cell are deter-
mined with the simultaneous iterative method, which is the
same method applied to a body boundary cell. The velocity of
a free surface cell is calculated with the pressure on the free
surface and the distance between the free surface and the
pressure definition point, according to Eq. (49). The pressure
is calculated with Eq. (30).
u2 ¼ u*þ dtðl1þ l2Þra
ðp2 pFS1Þ ð49Þ4.3. Body boundary cell including the free surfaceAs the calculation methods for the pressure and velocity of
a body boundary cell and a free surface cell are equal to each
other, a special treatment for stability of a solution is not
required. However, the position of the free surface cannot be
determined with the method used for fluid cells. Yang and
Stern (2009) simulated the wedge drop with the LS method
in a Cartesian grid. In their research, the LS function of a body
Fig. 31. Comparison of the heave and pitch RAOs of KCS with other research
data.
Fig. 32. Time histories of the pressure resistance on KCS in regular waves.
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the body surface and free surface constant. In the present
research, the MD function of a body boundary cell is deter-
mined by the average of horizontally neighboring fluid cells to
minimize the gradient of the free surface because the small
gradient increases the stability of the solution.
5. Verification of the present numerical methodFig. 33. Comparison of the added resistance coefficients of KCS with other
research data.5.1. Verification of partial-slip condition
5.1.1. Velocity distribution near a flat plate
To verify the partial-slip condition, the velocity distribution
near the flat plate in Re ¼ 5  106 by the present numerical
method is compared with the result of Fluent a commercial
code and the wall function, Eq. (19). The yþ values of the first
grids are 20 and 450. The comparison results are shown in
Fig. 17. The results of the partial-slip condition are more
similar to the wall function than are those of the no-slip
condition. Especially, in the large grid size, the results of the
partial-slip condition are much more accurate.
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Table 4
Incident waves for the added resistance calculation of KVLCC2 (model scale).
Length (m) Period (s) Height (m)
0.4 L 0.80 0.716 0.015
(0.46%L)0.6 L 1.20 0.877
0.8 L 1.60 1.013
1.0 L 2.00 1.132
Fig. 35. Time history of the heave and pitch motions of KVLCC2.
Fig. 36. Comparison of the heave and pitch RAOs of KVLCC2 with other
research data.
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A 2-D NACA-0012 airfoil is simulated with the present
numerical method and Fluent a commercial code in Re ¼ 107.
The Angel of attack of the foil is 0 deg. Fig. 18 shows the grid
system around the leading edge. The grid size of the first gridFig. 34. Distributions of the pressure and pressure resistance per unit area on the
resistance per unit area).in the normal direction of the body-fitted grid is about 0.0001
times the code length (0.0001C). The grid sizes in the vertical
direction of the rectilinear grids are about 0.001 and 0.002
times the code length (0.001C and 0.002C). In the case of
0.001C, yþ is higher than 500. The velocity distributions are
compared in Fig. 19. The partial slip condition gives muchKCS hull surface in regular waves (left: pressure distribution, right: pressure
Fig. 37. Time histories of the pressure resistance on KVLCC2 in regular
waves.
Fig. 38. Comparison of the added resistance coefficients of KVLCC2 with
other research data.
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imposing the partial-slip condition, the velocity distribution is
improved but the results are not good enough to analyze the
turbulent flow.5.2. Running attitude of a ship in still water
5.2.1. KCS
The medium-speed container ship, KCS, running in still
water is numerically simulated in a model scale to verify the
present numerical method, as shown in Fig. 20. The heave and
pitch motion is set free but other motions are stationary fixed.
The model scale is 1/31.6 and the principle dimensions are
shown in Table 1. The minimum grid sizes in the x-, y-, and z-directions are 0.03 m, 0.025 m and 0.014 m, respectively. The
numbers of grids in the x-, y-, and z-directions are 300, 100
and 120, respectively. The grid system used in this calculation
is shown in Fig. 21. The time interval is 3/1000 s.
The wave profiles of the present calculation and Park et al.
(2003)’s experiment are compared in Fig. 22. Even though the
experiment of Park et al. (2003) was performed with fixed
model, the two profiles exhibited good agreement, except for
at the stern.
The trim and sinkage are compared with the experimental
data of Van et al. (1997) in Fig. 23. Fig. 23 shows good
agreement both qualitatively and quantitatively. The positive
direction of the sinkage is downward. The residual resistance
in the experiment is 8.39  104, and the pressure resistance
in the calculation is 8.26  104. The resistance also exhibits
good agreement. It took about 41.3 h to calculate the resis-
tance and running attitude with one CPU core.
5.2.2. KVLCC2
The low speed full ship, KVLCC2, is also simulated for the
verification of the present method, as shown in Fig. 24. The
scale of the model is 1/160 and the principal dimensions are
shown in Table 2.
The grid system and computational domain are shown in
Fig. 25. The minimum grid sizes are 0.02 m, 0.005 m and
0.005 m in the x-, y-, and z-directions, respectively. The
numbers of grids are 272, 72 and 150 in the x-, y-, and z-di-
rections, respectively. The trim and sinkage are set free and the
other motions are restrained.
The wave profile along the hull surface is compared with
the experimental data of Kim et al. (2001) in Fig. 26. Although
the experiment was performed with a fixed model, the
agreement is good except for near the stern. The running
attitude, compared in Fig. 27, also shows good agreement. It
Fig. 40. Schematic diagram of the vertical cylinder array in plan view.
Fig. 39. Distribution of the pressure resistance per unit area on KVLCC2.
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attitude with one CPU core.
6. Application to a ship in regular waves
To check the applicability to added resistance on a ship in
regular waves, two kinds of ship, KCS and KVLCC2, are
simulated with the present numerical method and the resultsFig. 41. Grid system and computational domain for waare compared with experimental data. In the case of KCS, the
experiment was performed in the Inha University towing tank.6.1. Added resistance on KCSExperiments and numerical simulations for KCS in regular
waves are carried out. The principal dimensions of KCS are
shown in Table 1. The model scale used in the experiment and
calculation is 1/97. The incident waves are shown in Table 3.
The total resistance is measured by a resistance dynamometer
used in a resistance test in still water. The motions are
measured by two potentiometers installed at Forward-
Perpendicular (F.P.) and After-Perpendicular (A.P.) In the ex-
periments and calculations, the heave and pitch motions only
are set free, while the other motions are restrained.
In the calculation, to reduce the numerical damping of
incident waves, fine grids are arranged from the inflow
boundary to the A.P. as shown in Fig. 28. The minimum grid
sizes in the x-, y- and z-directions are 0.02371 m, 0.005 m and
0.005 m, respectively. The numbers of grids in the x-, y- and z-
directions are 272, 72 and 150, respectively. The time interval
is 1/1000 s.
The motion histories of the experiment and calculation are
presented in Figs. 29 and 30, respectively. In waves shorter
than 0.6 L (LBP, length between perpendiculars), the motions
are small enough to ignore and the comparison is therefore notve diffraction by the fixed vertical cylinder array.
Fig. 42. Comparison of the free surface elevation histories inside of the cyl-
inder array (measuring point: x ¼ 0.20 m, y ¼ 0.0 m).
Fig. 44. Geometry of ISSC TLP.
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tudes and phase differences are close to each other. The
Response Amplitude Operators (RAOs) are compared in
Fig. 31. The heave RAOs in l(wave length) ¼ 1.0 L of the
present calculation and experiment are slightly smaller than
those of Simonsen et al. (2013), but those of the calculation
and the experiment are similar to each other. The pitch RAOs
of the present calculation and experiment agree well with the
results of Simonsen et al. (2013) in all conditions. TheFig. 43. Comparison of the 1st and 2nd RAOs and time meanspressure resistance histories and added resistance coefficients
of the present calculations are shown in Figs. 32 and 33. The
pressure resistance is calculated by integrating the pressure
force on a hull surface according to Eq. (50). The added
resistance is calculated by subtract the pressure resistance in
still water from the time mean of the pressure resistance inof the free surface elevation inside of the cylinder array.
Table 5
Principal dimensions of ISSC TLP.
Scale 1/1 1/50
Column diameter (m) 16.8 0.336
Distance between column centerlines (m) 86.25 1.725
Pontoon width (m) 7.5 0.15
Pontoon height (m) 10.5 0.21
Draft 35 0.7
Freeboard 25 0.5
Weight (kgf) 4.05 Eþ7 324
Pretension (kgf) 1.40 Eþ7 112
KG (m) 38 0.76
Gyradius of pitch (m) 45.1 0.902
Table 6
Spring constant of the mooring system for ISSC TLP.
Full scale Model scale
Surge (N/m) 279000 111.6
Heave (N/m) 822000 328.8
Pitch (Nm/rad) 1.51Eþ12 241600
Table 7
Incident waves for the motion analysis of ISSC TLP.
Period (s) Wave height (m)
Full scale Model scale Full scale Model scale
8 1.131 5 0.1
10 1.414
12 1.697
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dimensionalized according to Eq. (52). The added resistance
coefficients of the present calculations all agree well with the
results of the present experiments and of Simonsen et al.
(2013).
Rp ¼
Z
s
 p$ n!xds ð50Þ
Radd ¼
P
Rpin wave Dt
DtNstep Rpin stillwater ð51Þ
Cadd ¼ Radd
rgA2B2
L ð52Þ
The pressure multiplied by the x-directional component of
a normal vector is the pressure resistance per unit area. The
distributions of the pressure and pressure resistance per unit
area on KCS are shown in Fig. 34. The variation of the
pressure is largest near the F.P. However, the variation of theFig. 45. Grid system and computational dopressure resistance per unit area is the largest near the bow
flare. In the l ¼ 1.0 L and l ¼ 1.2 L conditions, the pressure
resistance per unit area near the stern is also large due to the
large motion. It took about 38.7 h to simulate the ship in
regular waves with one CPU core.6.2. Added resistance on KVLCC2In the same condition as that of the section 5.2.2 except
inflow boundary condition, KVLCC2 is simulated in regular
waves. The conditions of the incident waves are shown in
Table 4.
In the short wave condition of l ¼ 0.2 L and l ¼ 0.4 L, the
motions are very small, as shown in Fig. 35, and therefore
could not affect the added resistance. The motion RAOs of the
present calculations are compared with published research
data in Fig. 36. The figure shows good agreement. Fig. 37
shows the histories of the pressure resistance. The added
resistance coefficients are compared with other research data
in Fig. 38. The agreement among them is good qualitatively.
Fig. 39 shows the distribution of the pressure resistance per
unit area. The variation of the pressure resistance on the bow
near the free surface is maximized in short and long waves. In
the long wave condition, the variation of the pressure resis-
tance on the bulbous bow cannot be ignored due to the large
motions. It took about 32.3 h to calculate the added resistance
and motions in regular waves with one CPU core.
7. Application to offshore platforms in regular waves
Most offshore platforms have one or more vertical circular
cylinders; therefore, the interaction of diffracted waves by amain for ISSC TLP in regular waves.
Fig. 46. Time history of the motions of ISSC TLP.
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compared with other published research data and the motions
of International Ship and offshore Structure Congress (ISSC)
TLP are simulated by varying the wavelength of regular
waves. The results are compared with the results of potential
theory.7.1. Interaction of diffracted waves simulated by a fixed
cylinder arrayTo check the applicability to offshore platforms, the inter-
action of diffracted waves by an array of fixed circular cyl-
inder is simulated. The array of circular cylinders is shown in
Fig. 40. The diameter of each cylinder is 406 mm and the
distance between cylinders is 812 mm. The period of fixed
cylinder is 1.3259 s and the wave height is 0.1178 m. The
water level is measured between the circular cylinders. The
coordinate of y is 0 m and the coordinate of x is increased at0.05 m intervals from 0.35 m to 0.35 m, as shown in Fig. 40.
Fig. 41 shows the grid system and calculation domain. The
minimum grid sizes in the x- and y-directions are both
0.025 m, and that in the z-direction is 0.01 m. The time in-
terval is 0.001 s.
Fig. 42 show the time history of water level at y ¼ 0 m and
x ¼ 0.2 m. Even though there is a little difference in the in-
flection point, the results are similar to the experimental data
of Ohl et al. (2001). First and second RAOs of wave amplitude
and time mean water level are compared in Fig. 43. The
present numerical method gives much better results than does
the theory of Malenica et al. (1999).7.2. Motion of ISSC TLPThe motion of ISSC TLP is simulated with a 1/50 scale
model in regular waves. The hull shape is shown in Fig. 44 and
the principal dimensions are presented in Table 5. The
Fig. 47. Comparison of the RAOs of ISSC TLP with other research data.
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constants are determined as Table 6 based on Kim (2008). The
minimum grid size is 0.03 m in all direction. The numbers of
grids are 222, 85 and 100 in the x-, y- and z-directions,
respectively. Fig. 45 shows the grid system and calculation
domain. The time interval is 0.002 s. The conditions of the
incident waves are shown in Table 7.
Fig. 46 shows the motion histories of ISSC TLP. Large drift
and short period pitch motions are observed in the figures due
to the large amplitude of the incident waves and the large
spring constant, respectively. The RAOs of the motions are
compared with the results of the potential theory in Fig 47.
The deviation of the surge motion of the potential theory is
small and the results of the present calculations agree well
with those of the potential theory. The large deviations of the
heave and pitch motions make quantitative comparison diffi-
cult but the results of the present calculation agree well
qualitatively. The present calculation method is applicable to
analyzing the motion of and the free surface flow around an
offshore platform.
8. Conclusions
In this research, a numerical simulation method for the
motion of and the free surface flow around a ship and an
offshore platform is developed using a rectilinear grid system.
The body boundary is defined by the intersection points be-
tween the centerline of a grid face and a body surface to define
the body boundary sharply. To improve the velocity distribu-
tion, a partial-slip condition is implemented. The method of
Lee et al. (2013) for a moving body is implemented to reduce
the spurious pressure oscillation. The MMD method proposed
by Lee et al. (2012) is implemented to simulate the nonlinear
free surface without any artificial transient zone and by
extrapolating the velocity of air. The improvement by the
partial-slip condition was demonstrated by the velocitydistributions near the flat plate and the airfoil. KCS and
KVLCC2 advancing in still water were simulated with the
present numerical method to verify the method. The calcula-
tion results showed good agreement.
The suitability of the numerical method for application to a
ship advancing in waves was demonstrated by simulating KCS
and KVLCC2 advancing in regular waves and by comparing the
motions and added resistance of the present numerical method
with published research data. The interaction of diffracted
waves by a fixed cylinder array and the motion of ISSC TLP
were simulated and the results compared with other research
data. The results showed that the present numerical method is
applicable to an offshore platform.
Despite the numerical method developed in this research
being limited to analysis of the turbulent flow near a body
boundary, it will nevertheless be useful to evaluate and reduce
the added resistance of a ship. Moreover, it will be applicable
for evaluating and reducing the wave load on an offshore
platform in harsh environments. To simulate turbulent flow
near a body boundary, a grid technique such as adaptive mesh
refinement (AMR) has to be developed in order to arrange fine
grids near the body.
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